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Abstract
A direct evaporator for a high temperature organic Rankine cycle (ORC) plant with toluene as a working fluid is designed and tested. The exhaust gas from a 800 kWe combined heat and power plant is cooled on the shell side of the present heat exchanger, while the working fluid is heated and evaporated within eight helically coiled tubes, constituting a tube bundle. A method to obtain optimal design parameters for this type of heat exchanger is presented, considering the heat source, the ORC and the available space at the test site. After manufacturing, the apparatus is tested to validate the design procedure, focusing on the employed heat transfer and pressure loss correlations on the shell side. It is shown that the predicted values of the overall heat transfer coefficient and the shell side Nusselt number are in good agreement with experimental data, showing a maximum deviation of 5.5%. The measured shell side pressure loss is slightly higher than the predicted value, indicating that the correlation underestimates the pressure loss coefficient by up to 7% at low Reynolds numbers, but has a good accuracy at higher Reynolds numbers. It is observed that it is essential to adjust the mass flow rate of the working fluid in each coil to obtain a homogenous vapor exhaust gas mixture, the highly sophisticated GERG-2008 equation of state [24] allowed for the calculation of temperature-dependent thermodynamic properties, except for the transport coefficients. The dynamic viscosity of 107 the mixture η m was determined with the method of Wilke [25] 108
with mole fraction y i , dynamic viscosity η i of the pure component i, the 109 binary interaction parameter
and the molar masses M i and M j of the pure components i and j, respectively.
111
The thermal conductivity λ m was calculated following Mason and Saxena [26] 112
where λ i is the thermal conductivity of the pure component i and the binary 113 interaction parameter A ij is analogous to Φ ij in Eq.
(2), substituting λ i for η i .
114
The dynamic viscosity and thermal conductivity data of the pure components 115 were obtained from highly accurate equations of state [27, 28, 29, 30, 31] . 116 To ensure a safe plant operation of the CHP, its supplier specified that the 117 pressure loss in the entire exhaust gas line must not exceed 25 mbar. Con-118 sidering a catalytic converter and a muffler that also cause pressure loss, the 119 maximum permissible pressure loss on the exhaust side of the evaporator was 120 limited to 15 mbar in consultation with the CHP supplier. Furthermore, the 121 outlet temperature of the exhaust gas should not be below 120 • C to avoid 122 water condensation. in the inner coils and a high degree of superheating in the outer coils. To 174 prevent this and to obtain the same temperature and vapor quality at the 175 exit of each coil, the flow rates had to be adjusted with valves in front of the 176 coils.
177
The design process was conducted with the logarithmic mean temperature 178 difference (LMTD) method, which describes the heat transferQ LMTD from 179 the exhaust to the working fluid with
where k is the overall heat transfer coefficient, A HT the heat transfer area 181 and ∆T ln the logarithmic mean temperature difference with the temperature 182 differences ∆T 1 and ∆T 2 between the fluids at the heat exchanger inlet and 183 outlet, respectively.
184
The overall heat transfer coefficient for the tubes was determined following 
with the characteristic length 
where the configuration factor f A for staggered tubes is
with the pitch ratio b = z/d o , while the geometry parameter z is defined in 209 Fig. 3 . Furthermore, the Nusselt number for a single row of tubes is .
The Reynolds number Re Ψ,1 in the range 10 < Re Ψ,1 < 10 6 is 213
where w is the flow velocity in the free shell annulus, ρ m the density of the 214 gas mixture and Ψ the void fraction in the shell that is determined with
with the horizontal split ratio a = s/d o , while the parameter s is defined in 216 Fig. 3 .
217
From these relationships, it becomes apparent which parameters have an 218 influence and how they have to be modified in order to increase the heat 219 transfer coefficient on the shell side of the heat exchanger. The main fac-220 tor of influence is the gas velocity that is taken into account by the velocity 221 within the free shell annulus w, and its increase entails a better heat transfer.
222
Reducing the area of the shell annulus by varying the inner and outer shell 
246
The LMTD design approach is based on averaged thermodynamic prop-247 erties so that the heat exchanger was discretized into segments, in which the 248 variation of properties was small enough to assume that it occurs stepwise. In mined following an approach of Gaddis and Gnielinski [39]
where ξ is the pressure loss coefficient, n W the number of windings in a seg- 
with the friction factor 314 ζ = 0.3164 Re 0.25 + 0.03
where D is the diameter of the coil in an inclined plane, considering the coil 315 diameter D C and the pitch P , cf. Fig. 3 316
Subsequently, the heat transfer coefficient was calculated with α i = Nuλ/d i . 
with the tube length l and the friction factor for turbulent flows 321 ζ sp = 0.3164 Re 0.25 1 + 0.095 
where the parameters C F , F (p * ), F (d) and F (W ) consider the influence of 
with the friction factor
where the parameters A 1 , A 2 
Results and discussion
to be slightly too high for the present heat exchanger.
In general, it turned out that the employed heat transfer correlations are 512 suitable for the design of a direct evaporator with multiple helical coils. The 
Pressure loss
To ensure an unrestricted operation of the CHP, the exhaust gas pressure the tube bundle could have caused a significant pressure loss. Furthermore, 584 the difference in the degree of superheating at the exit of two adjacent coils, 585 which was not considered during the design process, did not allow for an 
Conclusion

593
A direct evaporator of shell and multi helical coils type for a high tem-594 perature ORC plant to exploit exhaust waste heat was designed and tested.
595
The requirements and boundary limits for the heat exchanger, the employed 596 heat transfer and pressure loss correlations from the literature, the influence 597 of the different parameters and the procedure to find an optimal design were 598 presented. It was found that the main heat resistance is on the shell side, Nusselt number that were compared with the results from correlations. The 606 experimental data were in good agreement with a deviation less than 5.5%, 607 but tended to be slightly lower than the predicted values. Measurements of 608 the shell side pressure drop were in good agreement, but slightly higher than 609 the predicted data. It was found that the employed pressure loss correlation The parameters for the pressure loss calculation with an approach of 627 Gaddis and Gnielinski are presented, starting with the flow velocity in the 628 narrowest flow passage that is
while a, b and w are defined in section 2.3. The pressure loss coefficient ξ is
and is composed of a laminar part with where the factor F v is
The Reynolds number in the narrowest flow section Re n is
with the dynamic viscosity of the gas mixture at the core flow temperature 
